Abstract: Variable rainfall, water stress, and spring frost are the main challenges for cereal growers in the Mediterranean region. The potential of wheat and barley to adapt to contrasting weather conditions was investigated through the adoption of no-till, supplemental irrigation and drought tolerant cultivars over a period of three years. Seasonal precipitation was 732, 336 and 685 mm in the first, second and third seasons, respectively. The second and third seasons were characterized by the occurrence of spring frost. No tillage did not affect productivity in either crop, while supplemental irrigation increased yield only in barley. For wheat, the grain yield was 60 and 43% respectively lower in the second and third seasons than in the first season. For barley, grain yield was 43% higher in the first season than the other two. The negative effect of frost on wheat yield was indirectly assessed by crop growth simulation. Principal component analysis shows that freezing temperatures associated with spring frost and rainfall both dictated crop growth and productivity.
Introduction
Cereal production systems are facing challenges posed by climate change, water scarcity, increasing population and economic fluctuations, particularly in semi-arid regions [1] [2] [3] . The variability of water and temperature regimes definitely affects yield stability, resulting in global food insecurity [4] [5] [6] [7] [8] [9] . Asseng et al. [10] estimated for wheat a yield loss of 6% per temperature degree increase due to climate change, which corresponds to a quarter of all global wheat trade. Moreover, the variability in water use conditions will enhance variations in the water use efficiency of cereal systems in arid and semi-arid areas [11] . Spring frost occurrence will also negatively affect crop productivity, resulting in increased yield variability [12, 13] .
Soil tillage and water management, as well as stress-tolerant cultivars, have been promoted as potentially important measures for adaptation to climate change. In particular, no-till as a practice of conservation agriculture was investigated in different studies worldwide [14] [15] [16] . Chen et al. [17] demonstrated that under no-till practice, soybean yield increased by 14% in the northern region In total, each experiment consisted of eight treatments with three replicates per treatment (Table 1) . Treatments were arranged in a split-split plot design. Agronomic management (conventional tillage/no-till) was the main plot factor, water regime (rainfed/supplemental irrigation) was the sub-plot factor and cultivar was the sub-sub-plot factor. Each experimental plot was 7 m × 7 m. The dates and duration of the main phenological stages of both crops are reported in Table 2 . The whole experimental field had not been subjected to tillage over the previous eight years. At the beginning of the field experiments, the plots under conventional tillage were conventionally ploughed at 30 cm depth.
Irrigation was managed according to local practices aiming to save water resources, which are under threat due to ongoing climate change pressure. Consequently, water was supplied only during the grain-filling, which is a very drought sensitive stage [41] .
Irrigation volume was calculated by an Excel-based irrigation tool [42] , which uses meteorological, soil and crop data for a day-by-day estimation of the soil water balance in the effective root zone. Daily reference evapotranspiration was calculated from measured weather data using the FAO Penman-Monteith equation [36] . The crop coefficient (Kc) was adopted on the basis of crop phenological stages according to FAO paper N. 56 [40] . Kc was 0.5 during the initial growing stage and at the end of the season and 1.1 during the mid-season (the period from flowering to milk maturity). The allowable depletion of 95 mm was calculated as 0.5 of total available soil water (190 mm) during the whole growing cycle [43] . Runoff and capillary rise were assumed to be negligible, while deep percolation was calculated as the surplus of water over field capacity in the root zone caused by excessive precipitation and/or irrigation. Since the starting of grain filling stage, each time the readily available water was depleted, an amount of 95 mm of water was given in order to replenish the soil moisture back to field capacity. Irrigations occurred on 28 April 2013, while in the season 2014, 95 mm were given on 13 April and again on 30 April. In the season 2015, 95 mm were provided on 9 May and then again, the same amount was given on 19 May. A drip irrigation system involving drippers of 4 L h −1 and drip lines distanced by 40 cm and 70 cm, respectively, was used. A flow-meter was placed on the mainline of the experimental field to accurately measure the amount of water supplied at each irrigation.
N fertilizer was applied as ammonium nitrate (33% of N) at sowing and tillering stages at the rate of 60 kg (N) ha −1 , while P fertilizer was applied as diammonium phosphate (18%-46%) only at sowing at the rate of 10 kg (P) ha −1 .
Growth Parameters, Biomass, Yield and Water Use Efficiencies
Phenology was recorded according to Zadoks et al. [44] . Above-ground biomass (AGB) during the whole crop cycle was measured on 0.25 m 2 (0.5 m × 0.5 m) surface samples for each plot. Plant sampling was performed, almost regularly during the season, on a 2-week interval. The above-ground biomass was determined by oven drying samples at 70 • C until a constant weight was reached. Canopy cover was measured almost at the same interval of AGB, by taking zenithal photos; then, the photos were processed using ImageJ software in order to estimate the percentage of canopy cover.
At physiological maturity, yield and its components (grains per spike, grain number per m 2 and mean grain weight) were measured by harvesting a sample area of 1 m 2 at the center of each plot. Harvest index (HI) was also calculated as grain to above ground dry biomass ratio.
Irrigation water use efficiency (expressed in kg m −3 ) was calculated as the ratio of aboveground dry biomass or dry grain yield to the seasonal rain + irrigation (yield water use efficiency-IWUE y ; biomass water use efficiency-IWUE b ).
Soil-Plant Atmosphere Model
The water balance in the soil-plant-atmosphere system was investigated using the SWAP model [45] . This calculates the soil water flow by solving the Richards' equation, which requires known functions of water retention and hydraulic conductivity.
Van Genuchten [46] proposes soil water retention and hydraulic conductivity functions expressed here in terms of the effective saturation Se, and relative hydraulic conductivity, respectively:
with Se = (θ − θ r )/(θ 0 − θ r ), θ r and θ 0 being the residual water content and the water content at h = 0, respectively, and in which α (cm −1 ), n, and m=1-1/n are curve-fitting parameters. k 0 is the hydraulic conductivity at θ 0 , and τ is a parameter which accounts for the tortuosity and partial correlation between adjacent pores. Upper boundary condition includes precipitation, potential evapotranspiration (ET p ) and in case irrigation. According to Ritchie [47] ET p is partitioned into potential transpiration (T p ) and potential evaporation (E p ). Unit gradient (dH/dz = −1) was assumed at lower boundary condition.
Water uptake, S (h), considered an additive term in the Richards' equation, is described in the following equation as a function of the pressure head, h [48] :
with z r (cm) being the thickness of the root zone and α (h) a semi-empirical function of pressure head h, varying between 0 and 1. The shape of the function α (h) depends on some critical values of h, which are related to crop type (wheat and barley) and to the level of potential transpiration rate: the pressure head below which roots start to extract water from the soil, h 1 = 0 cm; the pressure head below which roots extract water at the maximum possible rate in the top-and sub-layer, h 2top = −1 cm, h 2sub = −25 cm; the pressure head below which roots cannot longer extract water at the high transpiration rate (0.5 cm d −1 ), h 3High = −500 cm; the pressure head below which roots cannot longer extract water at the low transpiration rate (0.1 cm d −1 ), h 3Low = −900 cm; the pressure head below which root water uptake ceases h 4 = −16,000 cm. The actual transpiration rate T act (cm d −1 ) is then computed by the integration of S over the root layer. To get a reliable soil water balance, a calibration procedure is required. Details on the model calibration at the same experimental field can be found in Bonfante et al. [49] . Above ground biomass (AGB) was estimated by SWAP model on the basis of normalized water productivity concept [50] , as follows: AGB = −0.3534 + 0.0175 × Σ T act /ET p [49] .
Statistical Analysis
Each dependent variable was preliminary evaluated for normal distribution according to the Kolmogorov-Smirnov test [51] . Combined analyses were run for all three years after verifying the homogeneity of error variances using Bartlett's chi-square test [52] . A 3-way ANOVA, repeated over years, was used for data analysis, whereby factors (agronomic management, water regime and cultivar) and their interactions were treated as fixed effects, while year, block nested within year and year × block × treatments factors interactions were considered random. Statistical analyses were performed through the GLM procedure of SAS/STAT. Duncan test at 0.05 probability level was used a mean separation test. Both were executed using SAS®University Edition.
Principal component analysis (PCA) using the correlation matrix was performed on yield, yield components, IWUE y and IWUE b to explore relationships among variables and treatments and also to determine which traits were the most effective in discriminating between soil tillage practice, water regime, and cultivar. PCA outputs included treatment component scores and variable loadings to each selected component. The first two principal components (PC1 and PC2) were selected for the ordination analysis, and the correlation between the original traits and the respective PC was calculated. The PCs with eigenvalues greater than 1 were selected, [53] and loadings greater than |0.6| indicate significant correlations between the original variables and the extracted components [54] . This analysis was carried out using the software package FactoMineR [55] in R studio software [56] . The package is available via the Comprehensive R Archive Network (CRAN, https://cran.r-project.org).
Results

Weather Conditions
The weather regime in terms of precipitation (P), reference evapotranspiration (ET o ), minimum and maximum temperatures (T min and T max ) and the lowest minimum temperature reached during each month (T min-lowest ) for the three growing seasons as compared to the year historical means are given in Table 3 .
Seasonal precipitation (Nov-Jun) was 732, 336 and 685 mm in the first, second and third growing season, respectively, while the historical average was 570 mm. After computing the Standardized Precipitation Index (SPI), one of the most widely used drought indices, designed by McKee et al. [57] , the first (2012-2013) and third (2014-2015) growing seasons were classified as normal (SPI = 0.39 and 0.29, respectively), whereas the second (2013-2014) season was considered extremely dry (SPI = −4.38).
Overall average T max during the first and second growing seasons was 0.4 and 0.9 • C, respectively, greater than the historical average value, whereas it was 1.1 • C lower in the third season. The relatively warm weather conditions that prevailed during the first and second seasons increased seasonal ET o compared to the third growing season. Consistently, seasonal ET o (November-June, Table 3 ) was in the first (810 mm) and second season (848 mm) higher than the last year (785 mm). The trial carried out in the third season was characterized by much colder winter season (January-February) compared to the other two growing seasons: it was especially evident in January 2015 (tillering stage) with the minimum air temperature respectively 3.5 and 1. 
Biomass, Yield and Irrigation Water Use Efficiencies
In the wheat experiment, AGB, grain yield and HI were significantly different from one year to the next (Table 4) , with the highest values for the first and the lowest values for the second season ( Table 5 ). The effect of the year was also evident on both weight of grains and the number of grains per square meter, although the values of both parameters were missing in the first year. Grain yield was 60% and 43%, respectively, lower in the second and third seasons in respect to the first season. The AGB was 49% and 31% less in the second and third seasons, respectively, as compared to the first season. Considering the other sources of variance (management practice, water regime and cultivar), the above-mentioned parameters were not significantly different. Irrigation water use efficiencies were significantly affected by the year: IWUEb was 22%, and IWUEy was 37% lower in the third than the first season. IWUEb was also significantly affected by water regime (Tables 4 and 5 ).
In the barley experiment, grain yield, AGB, the number of grains per spike and HI were significantly different from one growing season to the next (Table 6) , with the highest value for the first and the lowest value for the second season ( Table 7 ). The grain weight was significantly higher in the third than the second year. Grain yield was 43% and AGB about two-fold higher in the first compared to the other two seasons. All examined variables were not affected by management tillage as well as by cultivar (Table 6 ). As regard water regime, the grain yield was 72% significantly higher in SI than RF ( Table 7 ). The year also significantly affected both IWUEy and IWUEb (Table 6) , which were 37% and 55%, respectively, lower in the third than the first season (Table 7) . Management tillage, water regime and cultivar did not affect both IWUEy and IWUEb. 
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AGB, HI, IWUE b and IWUE y represent, respectively, dry above ground biomass, harvest index, biomass-and yield-irrigation water use efficiency. *, **, ***, **** indicate, respectively, differences at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001 and p ≤ 0.0001. z data analysis only for the two consecutive years 2014 and 2015 due to missing data on 2013. 
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Principal Component Analysis.
To obtain a comprehensive overview of the morphological traits, yield, yield components and IWUE of wheat and barley in response to cultivar, management tillage, water supply regimes and growing seasons, the whole data set, including the climatic parameters during the three consecutive growing seasons, was subjected to principal component analysis (PCA). For both crops, the first two principal components (PCs) were associated with eigenvalues higher than one, and explained 79 and 85% of the cumulative variance for wheat and barley, respectively. PC1 accounted for 55% and 67% and PC2 for 24% and 18% for wheat and barley, respectively (Tables 8 and 9 ).
For wheat, PC1 was positively and strongly correlated (>0.6) with grain yield, AGB, harvest index, grains per square meter, IWUEy, spike per square meter, minimum temperature in winter and April, average temperature in winter and May. PC1 was also negatively correlated with the number of frost days during April and May as well as to rainfall during May (Table 8 ). PC2 was positively correlated with increased weight of 1000 grains, and negatively correlated with IWUEb and maximum air temperature during winter, April and May (Table 8) . Table 8 . Eigen values, relative and cumulative percentage of total variance, and correlation coefficients for wheat traits with respect to the two principal components (PC1 and PC2). In barley, PC1 was positively correlated with grain yield, AGB, HI, grains per square meter, spike per square meter, grains per spike, IWUEb, IWUEy, minimum, maximum, average temperature and rainfall during winter, whereas PC2 was significantly correlated only with the weight of 1000 grains. PC2 was negatively correlated with maximum and average temperature in April, as well as with maximum air temperature and number of frost days during May (Table 9 ). Table 9 . Eigen values, relative and cumulative percentage of total variance, and correlation coefficients for barley traits with respect to the two principal components (PC1 and PC2). The loading plots (Figures 2 and 3) illustrate the relationships among variables where two vectors with an angle <90 • are positively correlated and two vectors with an angle >90 • are not correlated. In wheat, the variation in spike per square meter was most closely aligned to that of grains per square meter, and variation in grain yield was more strongly correlated with AGB rather than weight of 1000 grains, whereas variation in grain yield was not correlated with the number of frost days during April and May (Figure 2 ). In barley, yield was strongly correlated with 1000 grains per square meter and AGB, whereas yield was not correlated with the weight of 1000 grains as well as the number of days per month (April and May) with minimum temperature below 0 • C (Figure 3 ).
Principal Components PC1 PC2
Principal
In the current study, the score plot of the PCA highlighted crucial information on agronomical traits, as well as on IWUE for both wheat and barley in relation to the growing seasons, expressed in terms of temperature, rainfall and number of frost days. For instance, the positive side of PC1, in particular the lower right quadrant (C), included both water supply regimes and management tillage as well as both cultivars for the 2013 growing season (Figure 2 ). The treatments from the lower right quadrant were characterized by high yield, AGB, spike per square meter, grains per square meter and HI. Wheat cultivar Miki cultivated under no-tillage and rainfed conditions (upper right quadrant; A) delivered wheat plants with high IWUE b (Figure 2) . Finally, the treatments from the lower and upper left quadrant (C and D) (treatments coming from 2014 and 2015 growing seasons) were characterized by lower growth and productivity (only high weight of 1000 grains for the 2015 growing season). The low crop growth and productivity in both 2014 and 2015 was mainly related to spring frost. In barley, similarly to wheat, the highest spike per square meter, grain yield, dry AGB, HI, grains per spike and grains per square meter were recorded in 2013 irrespective of treatments ( Figure 3 ). All treatments coming from the 2015 growing season were characterized by an increased 1000 seeds weight, whereas those of 2014 depicted barley of lowest agronomic traits (Figure 3) . The results of the PCA may provide the basis for a more in-depth approach to elucidate the effects of cultivar, water regime, agronomic management and climatic factors among years (rainfall, number of frost days and maximum temperature) on the agronomical behavior of these two important cereal crops grown under semi-arid conditions. 
Water Balance Simulation
The ratio between actual and potential transpiration (T act /T p ), which was simulated using the SWAP model, is widely recognized as a water stress index. Figure 4b) . A similar behavior was found for no-till practice (data not shown). The rainfall was irregularly distributed during the 2012-2013 with high amount occurred during the winter time, and low amount during spring, whereas 2013-2014 and 2014-2015 growing seasons both showed a more regular rainfall distribution. 
Discussion
Cereal yields in the Mediterranean basin are variable, mainly because of inadequate and erratic seasonal rainfall [37, 38] and extreme events such as spring frost occurrence [58] . The rainfall distribution during the growing season greatly affected the behavior of the two crops. It is widely reported in the literature that yields of cereals vary not only in relation to seasonal rainfall, but also to its distribution [28, 29, 59, 60] . In our experiment, the first season imposed favorable environmental conditions to the crops, as compared to the other two growing seasons. In comparison with the first, the second growing season had half amount of rainfall (lowest SPI), higher ETo and higher air temperature, which imposed more severe stress conditions. This was evident also from the simulated water stress index (T act /T p ), which remained proximal to unit during first and third seasons. Conversely, two periods of stress (minimum peaks of T act /T p of 0.4 and 0.1) occurred in the second season, before the irrigation at grain-filling stage recovered any further crop stress. The second season was characterized by a combination of drought and heat stress, which synergistic interaction is known to exacerbate the negative effects on growth, yield and its components [61, 62] .
The yields of both crops in the second season were about 40% lower compared to the first season, mostly due to halved dry matter, and to a lesser extent to lower harvest index. Our results agree with what reported in wheat by many authors [27, 30, 63, 64] who found that limited rainfall at either anthesis or grain setting stage (April) affected grain weight more than grain number per square meter, as it occurred in the second year of our experiments. Moreover, in the second season, in addition to drought conditions, crops experienced more nights with freezing-temperature than the other two seasons. The frost nights in the second season certainly caused further yield reduction. In fact, some frost events occurred as well in the third season, resulted in yield of wheat significantly lower (57%) than the first season, despite comparable rainfalls and SPI, and a better distribution in the third season. Frost also affected barley yield. However, in the most unfavorable season (second one) yield was not lower than the third season yield, probably because the latter was impaired by the lodging, which we observed at maturity by visual inspection.
It is worth noting the detrimental effect of spring frost on yields, caused by low night temperature, low humidity and still air under clear sky, which boost radiant energy loss from soil and crop. Frost can affect cereal productivity in otherwise warm environments such as in the Mediterranean and continental areas [58, 65, 66] . In their review, Barlow et al. [58] concluded that sterility and grain abortion at anthesis are the main causes of cereal yield reduction. Accordingly, frost was found to be responsible for damages during active growth, head formation and flowering in both wheat and barley by Asseng et al. [40] and by Fredricks et al. [67] . Moreover, in the near future, both "last frost" and "first heat" during the growing season are predicted to occur early than present [68] leading to further negative climate change effects on cereal productivity. In our study, frost nights at flowering and grain filling stages (April-May) occurred on 8 days in the second season and 5 days in the third growing season. Zheng et al. [13] reviewed that a single frost event occurring between mid-heading and start of dough maturity can be responsible for up to 90% yield loss in wheat. The significant reduction of wheat yield in the third compared to the first season, despite almost similar rainfall and a better distribution, can be ascribed to the frost events in April and May. In the second growing season, instead, frost occurrence negatively affected yield in addition to water stress.
In order to sustain such an interpretation of data and to indirectly quantify the frost effect, the SWAP model was used to simulate AGB in wheat for both traditional and conservation tillage under supplemental irrigation. Results were expressed by the relative difference between simulated and measured above ground biomass, (AGBsim-AGBmeas)/AGBsim × 100. In absence of freezing temperatures as occurred only in the first growing season, SWAP model well simulated AGB, because the ratio was only −4%. Conversely, the ratio increased to 44% in the second season and 29% in the third seasons, which were characterized by 8 and 5 frost nights, respectively (Table 10 ). As the model does not take into account the frost effect on growth, the discrepancy between simulated and measured AGB may be ascribed to the frost effect in the third season, when no water limitation occurred (Figure 4c, Table 3 ), while the higher reduction observed in the second year was due to more frost events. Similar results were found for no-tillage.
Literature reports contrasting results on the effects of no-till on crop yields. For instance, Dalal et al. [69] reported higher wheat grain yield under no-till than conventional tillage. In contrast, according to meta-analysis performed on 260 studies, wheat yield was slightly reduced (−2.6%) in no-till as compared to conventional tillage [70] . Our results agree with Hernanz et al. [71] , who found that yields of rainfed wheat and barley in monoculture were not affected by conservation tillage. It should be highlighted that in order to consider tillage soil management a valid option for sustainable agriculture, it is sufficient to have no reduction of yield, because the farmers would save money and energy [39] . In Mediterranean environments, the supplemental irrigation of cereals during reproduction and grain filling can contribute to alleviating yield reduction caused by drought [23, 33, 34, 60] . Oweis et al. [26] reported for Iranian wheat cultivars supplied with 50 kg N ha −1 , an amount that is comparable to our fertilization rate, a 26% yield increase in the 1/3 full irrigation treatment, while Zhang et al. [66] reported an increase of 36%. In our experiment, we found in wheat a comparable yield increase of 24% in response to irrigation, although it was not statistically significant. Karam et al. [38] found in the same site of our experiment that harvest index and water use efficiency in wheat were both not significantly affected by supplemental irrigation in agreement with our results. The supplemental irrigation at grain filling increased barley yield by +72%, which is much higher than the non-significant increase (22%) reported by Vahamidis et al. [72] in response to supplemental irrigation comparable to our watering volumes.
Conclusions
In this three-year study, the potential of cereal production systems to adapt to contrasting weather conditions was investigated. Different climate conditions over several years played a preeminent role on the yield of wheat, while the yield response of barley was mainly determined by supplemental irrigation. No-till practice can assure farmland sustainability because it guarantees similar yield as compared to conventional tillage. Modelling of wheat biomass indicated that the reduction observed in the third growing season as compared to the first season, which was characterized by absence of crop stress, was due to the occurrence of some night frost events in the spring. The further reduction observed in the second season was caused by the occurrence of more spring frost events. Our results imply that in order to minimize the negative effects on grain yield under frost risk conditions, irrigation strategy should be considered [58] by applying water before the occurrence of a frost event on the basis of early warnings. Overall, on-farm water-productive techniques, if coupled with improved irrigation management options, appropriate cultural practices and timely interventions for frost management, will help to improve cereal production as well as to secure yield stability. Such a combination of practices is needed to ensure the sustainability of agriculture in the Mediterranean region, particularly under the challenges of climate change and water scarcity.
